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Small Rho GTPases, including RhoA, Rac and Cdc42 as the best characterized members, play a key role in a variety of biological processes by functioning as molecular switches that coordinate the remodelling of the actin and microtubule cytoskeleton. Recent studies employing genetically encoded biosensors revealed that Rho activation is tightly controlled in time and space.^[1](#CIT0001),[2](#CIT0002)^ However, the current knowledge about the molecular mechanisms underlying spatiotemporal Rho regulation is still limited. Guanine nucleotide exchange factors (GEFs) substitute Rho-bound GDP for GTP to activate the GTPase and promote downstream signaling. By contrast, GTPase-activating proteins (GAPs) increase the low intrinsic GTPase-activity of Rho proteins to inactivate them and terminate the signal.^[3](#CIT0003)^ Although it is known that deregulated Rho activation, based on altered expression or function of Rho regulators, has severe consequences and contributes to tumorigenesis,^[4](#CIT0004)^ it remains to be investigated how GEF and GAP proteins themselves are controlled in different biological contexts.

Highly coordinated Rho signaling is required for the establishment of epithelial cell polarity, including cell-cell adhesion and apical-basolateral membrane specification, to ensure normal epithelial function. To this end, Rho GTPases cooperate with polarity proteins to modulate localized cytoskeleton dynamics, polarized vesicular trafficking and the spatial organization of signaling pathways in epithelial cells.^[5](#CIT0005)^ In general, the Par and Crumbs polarity complex define the apical membrane compartment, while the Scribble complex preserves basolateral membrane identity. It is well established that antagonistic Rac and RhoA activity gradients exist along the apical-basal axis of epithelial cells, which is a prerequisite for junction formation and maintenance.^[6](#CIT0006)^ Rac activity, for example, is controlled by the RacGEF Tiam which itself is inhibited by apical Par3, whereas binding to the basolateral scaffold β2-syntrophin activates Tiam.^[7](#CIT0007),[8](#CIT0008)^ Among the RhoGAP proteins, the deleted in liver cancer (DLC) family has an outstanding role, because it is deregulated in different types of cancer more frequently than any other Rho regulator.^[9](#CIT0009),[10](#CIT0010)^ Despite the similar structural organization of the 3 DLC family members, including a conserved GAP domain regulating RhoA activity, a sterile α-motif domain (SAM) and a StAR (steroidogenic acute regulatory protein)-related lipid transfer domain (START), DLC1, DLC2 and DLC3 appear to have specific cellular functions associated with their distinct subcellular localizations.^[11](#CIT0011),[12](#CIT0012)^ Besides the association with focal adhesions described for all DLC proteins,^[13](#CIT0013),[14](#CIT0014)^ we previously found that DLC3 (also known as StarD8) is localized at cell-cell adhesions and Rab8-positive tubular structures.^[15](#CIT0015),[16](#CIT0016)^ Considering that the DLC3-interactome was largely unexplored with focal adhesion-associated tensin and talin proteins being the only known DLC3 binding partners,^[14](#CIT0014),[17](#CIT0017)^ it was elusive how DLC3 is targeted to specific subcellular sites to execute its functions.

In our recent work, we identified DLC3 protein interaction partners by performing mass spectrometry analysis and discovered the basolateral polarity protein Scribble as the first isoform-specific scaffold for DLC3 at adherens junctions ([Fig. 1](#F0001)).^[18](#CIT0018)^ Scribble is a multi-domain protein that contains 16 leucine-rich repeats (LRRs) and 4 PSD-95, discs large, and ZO-1 (PDZ) domains and localizes to adherens junctions and basolateral membranes in polarized epithelial cells.^[19](#CIT0019),[20](#CIT0020)^ Moreover, Scribble has been reported to control E-cadherin function and junction integrity and acts as a potential tumor suppressor in *Drosophila* and mammalian cells.^[21](#CIT0021)-[23](#CIT0023)^ Biochemical analysis revealed that DLC3 binds via a unique, C-terminal PDZ ligand (PDZL) motif to the PDZ domains of Scribble, which are typically engaged in different protein interactions.^[24](#CIT0024)^ The DLC3-Scribble interaction was further verified at the cellular level by *in situ* proximity ligation assay (PLA) and junctional DLC3 localization in MCF7 breast cancer cells was shown to depend on the PDZL motif and on Scribble. Additionally, we confirmed the relevance of the PDZL motif in polarized Caco-2 colorectal cancer cells in which it determined the membrane association and basolateral localization of DLC3.^[18](#CIT0018)^ To study local RhoA activity at cell-cell contacts in dependence of DLC3 expression, we employed a location biosensor for active RhoA.^[25](#CIT0025),[26](#CIT0026)^ By this means, DLC3 was identified as a junctional RhoA regulator and pharmacological Rho and ROCK inhibition further provided evidence for the maintenance of junction integrity and Scribble localization through DLC3-mediated Rho-ROCK regulation. Most importantly, we mechanistically demonstrated that artificial targeting of the active DLC3 GAP domain to basolateral membranes by Scribble LRR domains is sufficient to rescue the E-cadherin mislocalization and cell disaggregation observed in DLC3-knockdown cells.^[18](#CIT0018)^ Thus, a mutual dependence of DLC3 and Scribble was elucidated involving the recruitment of DLC3 to adherens junctions by the scaffolding function of Scribble and the maintenance of cell adhesions and Scribble localization by balanced Rho-ROCK signaling through localized DLC3 GAP activity. In addition to preserving adherens junctions, DLC3 and Scribble were identified to play a role in epithelial morphogenesis. In particular, knockdown of DLC3 and Scribble in Caco-2 3-dimensional cultures impaired cyst polarization and lumen formation, emphasizing the relevance of both proteins in the establishment of polarity.^[18](#CIT0018)^ Taken together, our work uncovered a new control mechanism for spatial Rho regulation based on junctional positioning of the RhoGAP DLC3 by the PDZ-scaffold Scribble. 10.1080/21541248.2016.1260673-F0001Figure 1.Spatial Rho regulation by DLC3 in epithelial cells with apical-basolateral and front-rear polarity. DLC3 is targeted to adherens junctions in polarized epithelial cells by the scaffold protein Scribble to exert its function as a RhoGAP. By additionally recruiting the RacGEF β-Pix, Scribble contributes to the establishment of antagonizing RhoA and Rac activity gradients along the apical-basal axis of epithelial cells. By contrast, in motile epithelial cells, DLC3 localizes to focal adhesions (FA), Rab8-positive membrane tubules of the endocytic recycling compartment (ERC) and the leading edge where it locally regulates Rho signaling. The domain organization and binding regions of DLC3 and Scribble are depicted. AJ, adherens junctions; ECM, extracellular matrix; LRR, leucine-rich repeat; PDZ, PSD-95/discs large/ZO-1; PDZL, PDZ ligand motif; SAM, sterile α motif; START, StAR-related lipid transfer; TJ, tight junctions.

Scribble is known to control Rac activity in epithelial cells by targeting the RacGEF β-Pix to adherens junctions through a PDZ-domain interaction.^[27](#CIT0027),[28](#CIT0028)^ Its novel role in restricting RhoA activity at basolateral membranes by recruitment of DLC3 represents an analogous mechanism for spatial RhoA regulation. Thus, Scribble plays a dual role in the establishment of antagonizing Rho-Rac activity gradients along the apical-basal axis of epithelial cells ([Fig. 1](#F0001)). Considering that the DLC family members DLC1 and DLC2 lack a C-terminal class I PDZL motif and do not interact with Scribble,^[18](#CIT0018)^ PDZL-dependent recruitment of DLC3 serves as an isoform-specific regulatory mechanism. This supports the idea that the different functions of the DLC family members are specified by their interaction partners and result in the regulation of spatially distinct Rho pools. In DLC3, the PDZL motif was found to be essential for general membrane association.^[18](#CIT0018)^ Thus, apart from controlling the recruitment to cell junctions, PDZL-mediated membrane association of DLC3 might also play a role at other subcellular sites, contributing to its localization at focal adhesions^[15](#CIT0015)^ and membrane tubules of the endocytic recycling compartment^[14](#CIT0014)^ ([Fig. 1](#F0001)). In this context, the question arises whether there is cooperation or competition between different PDZ scaffolds to support the different subcellular localizations of DLC3. In addition to the functional characterization of further DLC3 interactors identified in our recent work,^[18](#CIT0018)^ more sophisticated proteomic approaches will be required to shed light onto the composition of different subcellular DLC3 pools and their molecular regulation. For example, proximity-dependent labeling of DLC3 interactors based on expression of biotin ligase fusion proteins in combination with streptavidin affinity purification might be a promising strategy to identify proteins that regulate the spatially distinct DLC3 pools.^[29](#CIT0029)^ The coordinated activation of Rho proteins by GEFs is also known to require interaction with scaffold proteins. The scaffold protein CNK1, for example, links RhoA and its GEFs Net1 and p115RhoGEF to the JNK signaling pathway,^[30](#CIT0030)^ whereas JIP2 and spinophilin function as platforms for the RacGEF Tiam, determining its effector specificity.^[31](#CIT0031),[32](#CIT0032)^ As a negative regulator of Rho signaling, DLC3 antagonizes the action of specific GEF proteins acting on a particular Rho pool. Considering that PDZL motifs are enriched among RhoGEFs with about 40% of the family members containing such a motif at their C-terminus,^[33](#CIT0033)^ the GEF counterpart of DLC3 might also be recruited by a PDZ-scaffold like Scribble. It is possible that both Rho regulators compete for scaffold binding, or alternatively, they might also interact simultaneously with the scaffold forming a multi-protein complex to fine-tune Rho responses.

Front-rear polarization of cells is crucial for directed cell migration, for example during development, tissue morphogenesis and wound closure, but also in the context of pathologies like cancer. During epithelial-to-mesenchymal transition (EMT), apical-basolateral polarity and cell-cell adhesions are lost, and cells adopt a more motile phenotype promoting metastases formation and tumor progression. Given the regulatory role of DLC3 at adherens junctions and in polarized morphogenesis, it will be interesting to address DLC3 localization and function under conditions in which E-cadherin is downregulated and cell-cell contacts are lost ([Fig. 1](#F0001)). Interestingly, several proteins involved in the ubiquitin-proteasome pathway, including the ubiquitin ligases HUWE-1 and CHIP, were isolated in our proteomic analysis,^[18](#CIT0018)^ suggesting that DLC3 might be regulated by ubiquitylation. Similar to the PDZ-mediated complex assembly of the RhoGEF Net1 and the Scribble complex component Dlg, which protects Net1 from degradation at cell adhesions,^[34](#CIT0034)^ DLC3 might be stabilized at adherens junctions by the PDZ-interaction with Scribble. Consequently, one might hypothesize that DLC3 is degraded by the ubiquitin-proteasome pathway when cell-cell adhesions are lost. Intriguingly, in response to HGF, the RacGEF Tiam is degraded by HUWE-1-mediated ubiquitylation, which is associated with the disruption of cell-cell contacts in MDCK cells.^[35](#CIT0035)^ This raises the possibility that Tiam and DLC3 are not only controlled in a similar fashion at cell junctions by polarity scaffolding proteins,^[7](#CIT0007),[18](#CIT0018)^ but also their protein turnover might be controlled by a similar molecular mechanism. Alternatively, it is also conceivable that DLC3 localization might be shifted from cell-cell contacts to endomembranes when cell-cell adhesions are downregulated, to fulfil a primary function in endocytic trafficking. Our finding that both DLC3 and Scribble are essential for the establishment of cell polarity might also be explained by an additional role in the regulation of polarized protein trafficking. This is supported by recent reports on the coordination of the vesicular transport of retromer-dependent cargos like E-cadherin by Scribble.^[36](#CIT0036),[37](#CIT0036)^ Interestingly, cytoplasmic mislocalization of Scribble in cancer cells that have undergone EMT was associated with a gain of tumor-promoting functions,^[38](#CIT0038)^ which strongly contrasts with its tumor-suppressive effects in polarized epithelial cells. Thus, it is tempting to speculate that DLC3 might be sequestered in the cytoplasm by mislocalized Scribble, reminiscent of a scenario described for PTEN,^[39](#CIT0039)^ which might keep the RhoGAP in check and interfere with its potential tumor-suppressive properties. Interestingly, in migrating cells, we observed that DLC3 localized to the leading edge in a Scribble-dependent manner to locally regulate RhoA (unpublished observations) ([Fig. 1](#F0001)). Consequently, it can be assumed that the precise cellular context determines the role of the DLC3-Scribble interaction and the way both proteins modulate each other\'s function. Furthermore, in the context of DLC3-coordinated endocytic transport, the RhoB isoform is discussed as a new potential substrate of DLC3.^[16](#CIT0016)^ RhoB is typically localized on endosomes and was reported to delay EGFR trafficking in cells expressing the constitutively active GTPase.^[40](#CIT0040),[41](#CIT0041)^ This was phenocopied in DLC3-depleted cells, in which the simultaneous knockdown of RhoA and RhoB was required to restore transferrin recycling.^[16](#CIT0016)^ In addition, a novel function for RhoB at cell-cell contacts in the control of E-cadherin expression and cell adhesion strength was recently described,^[42](#CIT0042)^ providing a further hint at a potential role for DLC3 in RhoB regulation.

Owing to the multi-domain nature of DLC3, it is not surprising that other domains besides the PDZ ligand motif, influence its membrane association and subcellular localization. We previously showed that the SAM domain targets DLC3 to Golgi membranes,^[16](#CIT0016)^ whereas a polybasic region conserved in all 3 DLC isoforms mediates binding to phosphatidylinositol-4,5-bisphosphate-enriched membranes and is required for GAP activity in cells.^[43](#CIT0043)^ Thus, together with protein interactions, lipid binding adds another layer of complexity to the molecular regulation of DLC3. In this context, the precise role of the DLC3 START domain and the identity of its potential lipid ligand remain to be determined. Moreover, there is growing evidence for the regulation of Rho GTPases and their regulators by different types of post-translational modifications.^[44](#CIT0044)^ For example, given that the tumor suppressor PTEN is acetylated on a lysine residue within its PDZL motif^[45](#CIT0045)^ and DLC3 contains a lysine at the same position, DLC3 might be controlled in a similar manner to modulate its binding to PDZ domain proteins. Furthermore, it has been shown that PDZ-interactions are frequently regulated by phosphorylation of serine or threonine residues within the PDZL motif or at positions in its vicinity,^[46](#CIT0046)^ which might also apply to DLC3.

In summary, our data reveal a new control mechanism for DLC3 that involves the polarity protein Scribble as a scaffold for the RhoGAP at adherens junctions. To better understand the molecular regulation of DLC3 also at other subcellular sites, protein networks, the contributions of lipid and membrane interactions, and the impact of post-translational modifications need to be addressed. In future investigations we aim to explore in more detail the changes of DLC3 localization and function during transition of epithelial cells with apical-basolateral polarity to front-rear polarized migratory cells. High resolution microscopy and live cell imaging might help to resolve the dynamics of fluorescently-tagged DLC3 protein complexes, while genetically encoded FRET biosensors represent powerful tools to study the spatiotemporal aspects of DLC3-controlled Rho regulation. Moreover, the great potential of optogenetics to explore finely tuned spatiotemporal Rho GTPase responses was demonstrated by the manipulation of Rac activity at lamellipodia of single border cells in the *Drosophila* ovary^[47](#CIT0047)^ and during *de novo* formation of adherens junctions in breast epithelial MCF10A cells.^[48](#CIT0048)^ Recently, the light-mediated control of RhoA activation through an opto-engineered GEF protein was reported,^[49](#CIT0049)^ an advance of the technique that could be transferred to GAP proteins in the future. Whereas DLC1 has an established function as a tumor suppressor in different types of human cancers,^[10](#CIT0010),[11](#CIT0011)^ the contribution of the loss of DLC3 expression to tumor progression is less clear.^[50](#CIT0050)^ Taking into account the importance of spatially controlled Rho signaling in epithelial tissue integrity, functional inactivation of DLC3, for example by mislocalization, rather than downregulation of its expression might be sufficient to disrupt epithelial tissue architecture and support neoplastic cell transformation. Thus, elucidating in more depth how the different subcellular DLC3 pools control downstream signaling via GAP- and perhaps even GAP-independent mechanisms, will improve our understanding of the biological and potential tumor-suppressive role of DLC3.
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AJ

:   adherens junction

Cdc42

:   cell division control protein 42 homolog

DLC

:   deleted in liver cancer

EMT

:   epithelial-to-mesenchymal transition

FRET

:   fluorescence resonance energy transfer

GAP

:   GTPase-activating protein

GDP

:   guanosine diphosphate

GEF

:   guanine nucleotide exchange factor

GTP

:   guanosine triphosphate

PDZ

:   PSD-95/discs large/ZO-1

PDZL

:   PDZ ligand motif

Pix

:   p21-activated kinase interacting exchange factor

PTEN

:   phosphatase and tensin homolog

Rac

:   Ras-related C3 botulinum toxin substrate

Rho

:   Ras homology protein

ROCK

:   Rho-associated, coiled-coil containing kinase

SAM

:   sterile α motif

START

:   StAR-related lipid transfer

Tiam

:   T-cell lymphoma invasion and metastasis-inducing protein
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[^1]: Color versions of one or more of the figures in the article can be found online at [www.tandfonline.com/ksgt](http://www.tandfonline.com/ksgt).
